Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



© Publication number: 



0 533 170 A1 



0 



EUROPEAN PATENT APPLICATION 



© Application number: 92115946.3 
@ Date of filing: 17.09.92 



© int. ci. 5 : C07F 7/08, C07F 7/14, 
C07F 7/1 8, C08G 77/38 



® Priority: 18.09.91 US 762672 




Applicant: DOW CORNING CORPORATION 






P.O. Box 1767 


@ Date of publication of application: 




Midland Michigan 48686-0994(US) 


24.03.93 Bulletin 93/12 










Inventor: Kleyer, Don Lee 


© Designated Contracting States: 




4265 N. Fordney 


DE FR GB 




Hemlock, Michigan(US) 






Inventor: Nguyen, Binh Thanh 






451 1 Ottawa Street 






Midland, Michigan(US) 




© 


Representative: Spott, Gottfried, Dr. et al 






Spott Weinmiller & Partner 






Sendlinger-Tor-Platz 11 






W-8000 Munchen 2 (DE) 



© Method for controlling hydrosilylation in a reaction mixture. 



© This invention discloses a method of controlling hydrosilylations in a reaction mixture by controlling the 
solution concentration of oxygen in the reaction mixture, relative to any platinum present in the reaction mixture. 
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hvdrMP rZ m 6 f ° r Pr0dUdn9 or 9 anosilic ° n compounds comprises reacting a silicon 

hydnde containing compound w.th an unsaturated compound in the presence of a catalyst This reactions 
commonly referred to as hydrosilylation. TypicaHy the catalyst is platinum metal on a £ppX^S^ 
compound generally used in an inert solvent or a platinum complex, however, other catal^ MmSna 
oroanoT ," n ' Cke ' ^ * ^ '° " * Patont N °' 2 ' 823218 to S *>™ et a '- a ™«hod T^ZZoTS 

sssrsir^r y reac ; ing a ssi - H with a compound comainin 9 *^ ^ by 

mulbple bonds m the presence of a chloroplatinic acid is taught. U.S. Patent No. 3,220,972 to Lamoreaux 
teaches a Similar process however the catalyst is a reaction product of chlorop.atinic acid. In EP Patent 
App cation No. 0337197 to Lewis, the catalyst used is a rhodium colloid and the silicon containing reac an 
io must have two to three hydrogen atoms bonded to the silicon containing reactant 

to th 0 p ne roml t ] e t maj0r f T 13 " 3 ™ kn ° Wn in the 3rt With h y d ^ilylations is the deactivation of the catalyst prior 
eartL m P t T T ° ne meth ° d f ° r reactivati °" of the catalyst has been to expose the 

reaction mixture to oxygen. For example. U.S. Patent No. 4,578,497 to Onopchenko et al. teaches the use 
■ of an oxygenated platinum containing catalyst for hydrosilylation with alkylsi.anes, R'R x liH 3 The ox 

paZTar me'IT, T** * * C ° ntaCtin9 With ™ oxygen-conSS" g gas . n 

S Z , < ? ySt h ,S C ° n,aCted With the ^"-containing gas by bubbling air into the catalyst mixed 

techn qu XuoZ b W v T*!! " lnert S0 ' Vent Und6r amblent tem e- at -s to the reaction. Another 
echnique taught by Onopchenko is to run the hydrosilylation until deactivation occurs, cool to room 

20 TTT e ^ ^ ^ ° Xy9en - COntainin 9 9 as int0 the -xt-e. Following the exposure to oxyge" 

20 the system ,s placed under an inert atmosphere and the reaction is again commenced 

be InVT** taU , 9ht ^ ° n0pchenk0 has several disadvantages. The introduction of oxygen must always 
be done at room temperature. Therefore the oxygen must be introduced before starting the reaction 

th e ; e i:^? c n oZ nt r ount of oxygen is added then the cata,yst ™ y sti " 

there ,s no control over the reaction except to stop and start the reaction The oxvoen can also he 

Onnn,H \ processing and the possibility of a unsafe conditions upon reactivation Further 

Onopchenko requires that the reactants be placed under an inert atmosphere after the exposure of oxygen 

OnonZ: 0 , h 9 * P0SSibi ' ity ° f inSUffident ° Xy 9 en beina P resent to the reaction, F Sy 

Onopchenko does not provide any means for controlling the reaction rate through the use of oxygen asTn 
so h.s disclosure, the reaction goes or it does not go. oxygen, as in 

Al JSTh 6 ! 3 ''' " 0r .? anosilicon Chemistry. Part 24 Homogeneous Rhodium-Catalysed Hydrosilylation of 
^scTose t he ^JT T ^ ° r J- Chem Soc, Da.ton Trans (1 980^ (2) 308 

d pPh 7, « th ,1 10 ^ drosi| y |ation of P r °P^e, hex-1-ene and hex-1-yne using [RhCI- 
(PPh3) 3 ] as the catalyst. The oxygen is necessary when the reagents have been purified 

q I'" 3 V ' Harr ° d ' J - F - and Chalk ' A - J - "Hydrosilation Catalyzed by Group VIII Complexes" Ora 

a co-catalyst m hydrosHy.ations and that this is known among people who run hydrosilations on a large 
scae where dehberate aeration of the reaction may be required to sustain catalytic activity Chalk and 
Harrod merely reiterate that oxygen has an impact on hydrosilylation and on page 683, they speculate as to 
40 how it does ,mpact hydrosilylation, but they never do disclose the key to centreing hydrosSySZ 

mixture U bv con^llinS^ 0 ,' iT inV6nti ° n * 3 Pr ° CeSS ^ C ° Mn * ^osily.ation in a reaction 

^e^nSaT^n2,5, \ T C °™ M ™ of *> any platinum in said reaction mixture. 

hydrLes halo to 5 h T ' ° f C ° ntr °" in9 h V drosil V lati on involving reacting silicon 

« nrZnZ % 9 3 hydr °9 en atoms attach od to the silicon with unsaturated compounds to produce 
p a 9 t a num c rmZn P d°s d ^J™*™ is Catal ^ ed usi "° a P'afnum catalyst selected from platinum metat 

^£%£JES!r comp,exes - 0xy9en is introduced durin9 the reaction to contro1 the 

thP T n h . iS t inventi0n is directed to a m othod of controlling hydrosilylation in a reaction mixture by controlling 
so comprisTg" C ° nCentrat '° n ° f ° Xyaen relative to ^ ^ur, in said reaction mixture said hydrosSon 

(A) a silicon hydride selected from silicon hydrides having the general formulae: 

(i) RxSiH4. x , 
55 (ii) R y H u SiCI 4 . y . u , 

(iii) R z (R , 0) 4 . 2 . w SiH w and, 



2 



It 
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R" 

I 

(iv) R",Si-0- (Si-O) -SiR"' 

J I V J 

R" 

wherein each R is independently selected from the group consisting of substituted and unsubstituted 
alkyl groups of 1 to 30 carbon atoms and substituted and unsubstituted aryl groups of 6 to 16 carbon 

70 atoms; each Ft' is independently selected from alkyl groups of 1 to 6 carbon atoms; Ft" is independently 
selected from the group consisting of R and the hydrogen atom, with the proviso that at least one R" in 
each molecule is a hydrogen atom; u has a value of 1, 2 or 3 with the proviso that u + y^3; v has a value 
of zero or an integer of 1 or greater; w has a value of 1 to 3; x has the value of 1 to 3; y has a value of 0 
to 2; and z has a value of 0 to 2 with the proviso that w + z^3, with 

75 (B) unsaturated compounds selected from the group consisting of 

(i) substituted or unsubstituted unsaturated organic compounds or mixtures thereof, 

(ii) substituted or unsubstituted unsaturated silicon compounds or mixtures thereof and, 

(iii) mixtures of (i) and (ii); 

in the presence of a catalyst selected from the group consisting of (a) platinum metal on a support, (b) 
20 platinum compounds and (c) platinum complexes. 

The presence of the oxygen during the reaction enhances reaction parameters such as reaction rate 
and selectivity of addition when the solution concentration of oxygen is controlled relative to any platinum in 
the reaction mixture. 

As noted above, the silicon hydrides useful in the instant invention may be exemplified by compounds 
25 or mixtures of compounds of the formulae: 

(i) R x SiH 4 _ x , 

(ii) R y H u SiCI 4 . y -u. 

30 

(iii) R 2 (R , 0) 4 . 2 -wSiH w and, 

R M 
I 

35 (iv) Si-O- (Si-O) -SiR*' 

3 | 'v 3 

R" 

40 The silicon hydrides useful in the instant invention may be specifically exemplified by, but not limited to, 
trimethylsilane, dimethylphenylsilane, dimethylsilane methyldimethoxysilane, triethylsilane, triethoxysilane, 
trichlorosilane, methyldichlorosilane, dimethylchlorosilane, trimethoxysilane, 1 ,1 ,1 ,2,3,3,3-heptamethyltrisilox- 
ane, dimethylsiloxane/methylhydrogensiloxane copolymers, methylhydrogencyclic siloxanes and others. 

The silicon hydride is reacted with unsaturated compounds selected from the group consisting of (i) 

45 substituted or unsubstituted unsaturated organic compounds or mixtures thereof, (ii) substituted or unsub- 
stituted unsaturated silicon compounds or mixtures thereof and, (iii) mixtures of (i) and (ii). More specific 
examples of such groups being cycloalkenyl compounds having 4 to 8 carbon atoms, linear alkenyl 
compounds having 2 to 30 carbon atoms, branched alkenyl compounds having 4 to 30 carbon atoms and 
mixtures thereof, and the like. Useful unsaturated compounds include cycloalkenyl compounds such as 

50 cyclobutene, cyclopentene, cyclohexene, cycloheptene and cyclooctene and mixtures thereof. Cyclohexene 
is the preferred olefinically unsaturated cycloalkenyl compound. Other compounds that are useful in this 
invention are unsaturated linear and branched alkyl compounds which include, but are not limited to those 
compounds with terminal unsaturation such as T-hexehe and those compounds with internal unsaturation 
such as trans-2-hexene. 

55 Other compounds such as olefinically unsaturated functional alkenyl compounds which contain halogen, 

oxygen in the form of acids, anhydrides, alcohols, esters, ethers and nitrogen, may be used in the instant 
invention. 
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The ha ogenated olefmically unsaturated functional alkenyl compounds which may be used herein may 
be exempl.f.ed by compounds such as vinyl chloride, allyl bromide, allyl iodide, allyLe bromide "-and 
tetrachloroethylene, tetrafluoroethylene, chloroprene. vinylidene chloride and dichlorostyrene 

Su.table oxygen containing olefinically unsaturated functional alkenyl compounds may be exemplified 
by ethers such as the allyl and vinyl ethers, a.cohols such as allyl alcohol (vinyl carbinol) methSlr 
b-no. and ethyny.dimethylcarbinol. acids such as acrylic, methacrylic, vinyl-acetic oleic, soLc " no e c and 
chaulmoognc and esters such as vinyl acetate, ally, acetate, butenyl acetate, allyl stearate me hy ac y.ate 
ethylcrotonate, diallyl succinate and diallyl phthalate. memy.acryiate, 

bv indin a n b ' e "hT 96 " T^? 9 0,efini ^Hy unsaturated functional alkenyl compounds may be exemplified 
by .nd.go .ndole. acrylon.tnle and allyl cyanide. Specifically included within the definition of otefinlc 

*^^^™0^^rT??"r^ th3t ^ SUbStitUt6d by -g-ofunctiona^ m 0 re i 

sucn as CH 2 - CHCH 2 OC(0)C(CH 3 ) = CH 2 , CH 2 = CHCH 2 NHCH 2 CH 2 NH 2 , 



75 



CH ? =CHCH 9 OCH 0 CH-CH 0 , 

0 



30 
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CH 2 = CHCH 2 SH, CH 2 = CHSi{0(CH 2 ) 2 OCH 3 } 3 , 

20 

CH 2 =CHCH 2 N(HCl)HCH 2 CH 2 NHCH 2 <^)cH--a l? , 

2, <ntT e ^h' UnSa ) 3 Ura ! ed siliC0n compounds that are useful in this invention are, for example, <CH 2 -CH) D Si- 
S ^^ " te H^T'^ ,nB as that set forth above and p has a va.ue of 1 or 2 
CH 2 -CHCH 2 Si(OR') 3 and CH 2 = CHCH 2 Si(CH 3 )(OR') 2 and the like 

The relative amounts of silicon hydride and unsaturated compound employed in the process herein 
have no techn.cal limitations. One unsaturated linkage, for example, ethylene, is obviously the 0 
71 n T 1 \r b ° nded hydr ° 9en at ° m - However ' there is ~ ^solute neceLity forequTalent 

tn l ~ reaCt3ntS t0 bS emP ' 0yed and 3ny desired excess of either ^tant can be preset r ac 
to comnlt ° ne t reaCtant ' l yPiCa " y unsaturated compound, may often be desirable to force the reacSn' 

° ^ Tt 1 6 9reat6St USe ° f the reaCt3nt Which is the most We™™ or most rare Thus 
the cho.ce of reactant ratios is mostly a matter of practicality and economics based upon the ^eactants 

cZnTrt ' S Pr ? f6rred t0 3 reaCtam r3ti0 ran9in9 fr ° m 1:20 t0 20 ' 1 in terms of equivalent ofsT-H 
compound to unsaturated compound, the more usual operating range being in the region of from 1 2 to 2 1 

In some cases, ,t may be desirable to employ also a solvent for one or both of the Sc ants The 
amount of so.vent employed is not critical and can vary without limit except for economi cons derations 

cZT ,T ^ emP ' 0yed WhiCh Wi " diSSO ' Ve but be inert toward «*» desired re^^ZZ 

4 „ Tth reaCt ' 0n and WhiCh Wi " 00t interfere with the reaction - Th * »lvent shou.d also be seLed 

40 so that easy separat.cn of the products after the reaction can be enhanced 

...nnn* 6 ".'T^ CatalyStS US6fUl in the instant invention ma V be selec ted from platinum metal on a 
support, platinum compounds and platinum complexes. The platinum compounds and p.atinum complexes 

^S^^X^T^ aCid ' Chlor0 P ,atinic acid nexahydrate, Karstedfs catalyst PtT 2 P t ! 
H^h ?h m 2 t > ' ^to^s^P^ny'Phosphin^platinum (II), cis-dichlorobis(acetonitrLp atinum(ll) 
d.carbonyld,ch.oroplat,num(ll), platinum chloride, platinum oxide and others. The platinum metal can be 

S'lle's^Tact^V: Char T a T ina ' 2irCOn,a ' am ° n9 0therS ' Any P ' atinum containtg material 
XoZt^^ h ^ ide ^ the ™ PO*" of the unsaturated 

Suitable amounts of the platinum containing compounds and the p.atinum complexes vary within wide 
hm.ts. Concer.trat.ons on the order of 1 mole of catalyst (providing one mole of platinum) per billion moles 
of unsaturated groups in the unsaturated compound may be useful. Concentrations as gh To "o 

H C r 3y T th ° USand m ° ,eS ° f 9roups in the unsaturated compound may also be 

employed. Generally, the economics of the reaction dictates the particular level of catalysT employed 
P^ te -~7«^ons are from 1 mole of platinum per 1,000 moles of unsaturated groups to 1 2 of 
platmum per 1,000,000 mole of unsaturated groups in the unsaturated compound. Suitable amounts o 
supported P ,a num include, for examp.e, from about 0.1 to about 10 weight percent, prefe^ fZ abou 
0.5 to 5 we.ght percent based upon elemental platinum. 
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A further description of platinum catalysts useful in the instant invention is found in, but not limited to, 
U.S. Patent Nos. 4,578,497, 3,775,452, 3,220,972 and 2,823,218. 

The catalyst may be dissolved in a solvent for ease of handling and to facilitate measuring the minute 
amounts needed. Preferably, the solvent should be inert. Suitable solvents include the various hydrocarbon 
5 solvents such as benzene, toluene, xylene and mineral spirits and polar solvents such as alcohols, various 
glycols and esters. 

The reaction temperature can vary over an extremely wide range. The optimum temperature depends 
upon the concentration of catalyst present, concentration of oxygen and the nature of the reactants. Best 
results are obtained by initiating the reaction at about 20* to 180° C. and maintaining the reaction within 
10 reasonable limits of this range. The reaction is typically exothermic and the reaction temperature can be 
maintained by controlling the rate of addition of one of the reactants or applying cooling means to the 
reaction vessel. It is preferred to use an operating temperature such that the reaction is carried out under 
reflux conditions. 

The reaction can be carried out at atmospheric, subatmospheric or superatmospheric pressures. The 
75 choice of conditions is largely a matter of choice based on the nature of the reactants and the equipment 
available. Non-volatile reactants are especially adaptable to being heated at atmospheric pressure. It may 
be preferred under certain conditions to run the reaction at pressures above atmospheric to reduce the 
volatility of the reactants at higher temperatures. 

The amount of time for the reaction to go to completion depends upon the reactants, reaction 
20 temperature, catalyst concentration and oxygen concentration. Determination of when the reaction has gone 
to completion can be accomplished by simple analytical methods such as gas liquid chromatography or by 
infrared spectometry. 

The reaction may be run on a continuous, semi-continuous or batch reactor. A continuous reactor 
comprises a means wherein the reactants are introduced and products are withdrawn simultaneously. The 

25 continuous reactor may be a tank, a tubular structure, a tower or some other like structure, the overall 
design not being essential. A semi-continuous reactor comprises a means wherein some of the reactants 
are charged at the beginning and the remaining are fed continuously as the reaction progresses. The 
product may optionally be simultaneously be withdrawn from the semi-continuous reactor. A batch reactor 
comprises a means wherein all the reactants are added at the beginning and processing is carried out 

30 according to a predetermined course of reaction during which no reactant is fed into or removed from the 
reactor. Typically, a batch reactor will be a tank with or without agitation means. 

In the instant invention, the reaction is carried out in the continuous presence of oxygen. The oxygen, 
when added in controlled amounts during the course of the reaction, provides a means for controlling the 
rate of the reaction and for enhancing the selectivity of addition. 

35 The oxygen is added into the reaction mixture by bubbling it into either one of the reactants or by 
bubbling it into the reaction mixture or providing the oxygen in the head space of the reactor. Subsurface 
addition of oxygen into the reaction mixture on a continuous basis is most preferred since it allows for 
quicker equilibration of its solution concentration. In other words, it is the solution concentration of the 
oxygen relative to the platinum that is important. Contacting the oxygen on the surface of the liquid, such as 

40 by blowing it into the vapor space of the reactor or by purging the reactor system with oxygen, will not be 
as efficient, but in some cases may be the safest manner of providing the needed oxygen. 

The amount of oxygen which must be added will be dependent on the operating conditions, the 
reactants and the amount of catalyst present. It is preferred to introduce the oxygen combined with an inert 
gas at an oxygen level of from 1 part per million to 90 weight percent, more preferably 1 to 5 weight 

45 percent. The inert gas which the oxygen is combined with may be selected from any inert gas such as 
nitrogen, argon and others. 

The amount of oxygen is important to the rate of the reaction. If too much oxygen is added then the 
reaction may proceed slowly or not at all. Also, the presence of too much oxygen may result in the 
formation of undesirable by-products and oxidation products. Further, the presence of too much oxygen 

so may create unsafe operating conditions because of explosive conditions that result with certain silicon 
hydrides in the presence of too much oxygen. If too little oxygen is added, then again the rate of the 
reaction will be slow, the reaction may not proceed at all or the catalyst may deactivate before the reaction 
has gone to completion. One skilled in the art will be able to determine the optimum amount of oxygen 
necessary to provide the desired operating conditions and product distribution. 

55 So that those skilled in the art can understand and appreciate the invention taught herein, the following 

examples are presented, it being understood that these examples should not be used to limit the scope of 
this invention found in the claims attached hereto. 
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EXPERIMENTAL PROCEDURE. EXAMPLES 1-8 

Examples 1-8 were carried out in a 250 mL, three-necked round bottomed flask equipped with a 
thermometer, a thermowatch set at 53 -C. a reflux condenser surmounted with a dry ice condenser 
5 connected to a bubbler, a thermometer adaptor fitted with a 23 cm. long disposable pipet for subsurface 
addit on of the reagent gas, a heating mantle and a stirbar. The reagent gas (flowrate range of 5 to 30 

^ n ir S PaSSed thr ° U9h 3 10 " l0nQ tube PaCked With dry Drierite < CaS0 *> ^"9 agent before being 
whJL ™° expenme ( nts used 150 1 1 9ram of a 1:1 molar premix of cyclohexene and methy.dichlorosilane 
m m 7R 11 9r3 M S t ' prem,x contained 87 5 9rams of methyldichlorosilane and 62.5 grams of cyclohexene 
° ( ° hl 76 ^° eS eaCh | The reactlon was catalyzed using either 191 microliters of 10% by weight solution of 
choropat.n.c ac.d in isopropanol or 134 microliters of platinum #2 (a platinum complex with 1,2-divinyl- 
1 . 1 ,2,2-tetramethyldisiloxane, 4.22 weight percent platinum) unless otherwise noted 

The reactants were combined in the 250 mL flask and sparged with a minimum of 15 minutes of the 
reagent ga*The reactants were heated rapidly to 53' C. gentle reflux. The starting time of the experiment 
reaction 6 " 53 °° SubSUrfaCe addition of the ™^ 9as continued throughout the 

Reflux conditions were used for most of the examples because of the resulting ease it afforded in 
controlling the solution concentration of oxygen. It was found when monitoring the solution concentration of 

» ZlfZ rT 9 r e , POrti ° n ° f Example 3 which used air a * the oxygen source, that at maximum rate the 
m solution concentration of oxygen was below that achieved by subsurface addition of nitrogen when at room 

TZTZ ' n m ° St ° f eXamP,eS ' rSflUX W3S US6d t0 3SSist in ^oxygenation of the reaction 

e^hancemTnt ° Xy9en ' n ' n9 935 W3S then added t0 restore the level of 0 *ygen needed for oxygen 

Hi,nnl a H, ti0n Pr ? 9 T S T ™ n,t ° red by Amoving the gas inlet thermometer adaptor and sampling with a 
mfnT P ' Pe ■' 3 G !f Chromat °9 ra P h < GC > autosampler vial. Gas chromatographic analysis, within a 
Z specifiStTon 9 ' d 3 area PSrCent ° fPr ° dUCt WhiCh W3S US6d direCt ' y f ° r a " discussi °"s in 

The gas chromatographic analysis was conducted on a Hewlett Packard 5710 gas chromatograph 
equipped w„h a 20'x 1/8" 10% SE30 on Chromosorb W HP 80/100 mesh column purchased from Supelco 
Co The g as ^romatograph was operated isothermally at 160" C. and a thermal conductivity detector was 
used. A Hewlett Packard 3380 recording integrator was used for quantification. 

EXAMPLE 1 

h M .rnn 9 i n9 ^^ XtUre 0f , Cyclohexene ' methyldichlorosilane and 100 ppm chloroplatinic acid with argon then 
heatmg to 53 C, gentle reflux conditions at atmospheric pressure for 1023 minutes gave only 2% 
conversion to the product, cyclohexylmethyldichlorosilane. Introduction of air after 1023 minutes cave 

tnThf C °" V ^ Si ° n *° Pr0duct in 120 minutes - Th ^ * was found that a component of air was necessary 
to enhance the desired reaction. y 

EXAMPLE 2 



The experiment in Example 1 was repeated, alternating between the subsurface addition of air and 
as shown 1 1 ? y nydrosily,ation rate can be switched on and off by the choice of atmosphere as 
45 shown ,n Rgure 1 wherein is the period during which argon was added to the reaction mixture 



50 



55 



is the penod that air was added to the reaction mixture. The three flat regions indicated by 
correspond exactly with the switch to argon. The effect can also be followed visually with the solution being 
a dark golden color during the active period and clear, light yellow during the active time. Thus, oxygen was 
involved in the catalytic cycle yet no products incorporating oxygen were observed. A similar experiment 
conducted w.th platmum #2 concentrate as the catalyst source led to similar results. Also, the irreversible 
formation of a platinum colloid was not responsible for the yellow color associated with a hydrosilylation 

Zt!h SW , I" 9 , ^ C ' ear 9 ° lden (ye "° W> Was done simply by choice of atmosphere. It is theorized 
that the catalyst is responsible for the golden color. 
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EXAMPLE 3 

In this example the effect of sofution concentration of oxygen was examined. The hydrosilylation rate 
was determined with the subsurface addition of 2% O2 in N2. For comparison purposes a plot of the area 
percent of product versus time is shown in Figure 2, for experiments which used either air or 2% O2 in N2 
wherein is common plant air and — ■— ■ — ■— is 2% 02/98% N 2 . There was a vast difference in 

rate showing that there is an optimum oxygen solution concentration necessary for maximum rate. 

EXAMPLE 4 



w 

Since subsurface addition of air greatly enhanced the rate of hydrosilylation, the experiment in Example 
3 was repeated with pure dried oxygen. After 60 minutes, only 6% starting material had been converted to 
product. The solution remained colorless. Switching from the subsurface addition of oxygen to the 
subsurface addition of air allowed the reaction to proceed to completion but at a reduced rate. Repeating 
15 the experiment with 270 minutes of subsurface addition of pure dried oxygen gave an even slower 
hydrosilylation rate once air was introduced, 40% conversion after 24 hours. Several unexpected products 
were formed. The most notable were 10 area% methyltrichlorosilane along with smaller amounts of 
cyclohexyl chloride, several low molecular weight siloxanes and polysilanes. 

20 EXAMPLE 5 

In this example, the catalyst level was decreased to look at the effect of the ratio of oxygen to platinum 
in solution. At 50 ppm chloroplatinic acid, one half the concentration of other experiments and using 
subsurface addition of air as an oxygen enhancer, the rate was slower. After 5 hours at 53 °C, only 43% 
25 conversion had taken place and the solution was starting to turn colorless from the earlier observed golden 
color. Upon further heating, products formed, as observed when pure oxygen was used with 100 ppm 
chloroplatinic acid (see example 4). The hydrosilylation rate also decreased. After 1400 minutes, only 66% 
conversion was observed. Thus, the solution concentration ratio of platinum to oxygen is critical for 
maximum hydrosilylation rate. 



EXAMPLE 6 



This experiment was performed to see if oxygen was necessary for hydrosilylation of a 1-alkene. When 
a 1:1 molar ratio solution of methyldichlorosilane and 1-hexene with 100 ppm chloroplatinic acid was 

35 degassed at O'C. by purging with argon and then allowed to warm, hydrosilylation proceeded with sufficient 
vigor that' the volatile contents removed themselves from the apparatus. This finding was not totally 
unexpected since even with extended argon purging of a methyldichlorosilane and cyclohexene solution, 
using, chloroplatinic acid as the catalyst, 2% conversion was observed upon heating to reflux. After reflux 
further deoxygenated the solution, no more hydrosilylation took place even after an extended period of 

40 reflux time. With 1-hexene, which was expected to undergo hydrosilylation at a faster rate than cyclohex- 
ene, however, the initial hydrosilylation rate was vigorous. 

EXAMPLE 7 

45 This experiment compared the rate of reaction when adding air subsurface to that when adding zero air 

subsurface. The purpose was to show unequivocally which of the many components of air was effecting the 
hydrosilylation. Zero air is a blend of pure oxygen and pure nitrogen at the same proportions as air. As 
shown in Figure 3 wherein — • — is plant air, 

50 m m m 



is plant air repeated and — js pure air, there were slight differences in rate but the differences 
were insignificant once one takes into account the inconsistent way in which the reagent gas was introduced 
55 into the solutions (flow rate range 5 to 30 mL/min). Since it was shown that hydrosilylation does not proceed 
at a significant rate when an inert gas such as argon or nitrogen was used, the fact that zero air accelerates 
the rate proves that oxygen is responsible for the rate enhancement. 
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EXAMPLE 8 



0278863 TtLVT T", "** °' ^ drosil ^ wa * investigated. A European patent application 
S 7n ? Tak amizawa et al. suggests that greatly enhanced rates will be achieved. When the expert 

romTe r tr; C ° nStrU< ; ted * ^ ^ ,rrad,8ted W,th * 275 watt Norelc ° sunlamp p aced 2 5 ^h es 
t F^e72l2 e emen ' ° f ^ ° bSerVed dUnn9 tHe SUbSUrf3Ce additio " «* *" "hich is shown 5 



TifnLrrr:. ob ! e,ved a,,er 1023 min * s <*" in 9 tta ' m « »~»<™ » «« ^ v„ SSI 
S^^XSSST ' " e 9aTO >90% — In ™ — — ~ 

EXPERIMENTAL PROCEDURE: EXAMPLES 9-14 

Examples 9-1 1 and 15-17 were carried out in a lOOmL four-necked round bottomed flask eauiooed with 
a thermometer, a thermowatch set at a point to maintain gentle reflux of the starting IteriSslelx 
^h a Ts-c'm bV a , dry ^ COnden — -tedjo a^bbler gas exit, ihern.omrtTSSr'SS. 

with a 15 cm long disposable p.pet for the subsurface addition of a gas (at 9 mL/min unless o LwS 
noted), a heating mantle and a magnetic stirring bar at 1" in length. The reagent gas was pa sed t^oZ l 
8 long tube packed with dry Drierite (CaSO,) drying agent before being intro'duce'd tn^SSLT^ 
0 785 n^mn ' We,9ht H SOlut,0n of chloroplatinic acid (H 2 PtCI 6 6H 2 0 , FW 517.93) in isopropanoT density 
0.785 g/mL) was used as catalyst source. All experiments used the same molar ratio of catalvst as 

Z7Z 0 f?:7 t A, 'r CtantS S0 ' VentS W6re Char9ed t0 the flask ^ heated to gen^reHx before the 
add.ton of catalyst. The starting time of the experiment was when the catalyst was added 

Reaction progress was monitored by removing a stopper from the fourth neck of the flask and samnlinn 
iTs^ST PiPet . int ° 3 Chr ° m *°W autosam P- -I. Gas ch^^aSc "^r£nl 

^:ZZ^™^tZrZS ea percent of product which - — y - 

The gas chromatographic analysis was conducted on a Hewlett ParkprH qflan „ ae ^ 
scientific Go. The gas chromatograph was operated on a proaram of ^fi°r fnr 1 m;« f~n ^ u 
o minutes. A Hewlett Packard 3390 record.ng integrator was used for quantification. 



EXAMPLE 9 



In this example, the effect of diluent upon the reaction rate was checked by using hexane as solvent 
Jo TZirTr 3nd 3PParatUS W3S USSd al0n9 With 17 5 9 CH * HSi ^ (0.15 mole? J 2 5g eye ohexene 
ubsurce at 9mUmrTn° 23 ™ UL * C ^>«™ a <^™ solution.' Air wa 

IxSent Lie CH HS^T m, m ' XtU : e , Wa f ^ * 58 ' C ' Com P a -on was made by running the 
r^iDA , * 9 T 9 CH3HS,C ' 2 < 0 - 3 mole ). 25g cyclohexene (0.3 mole) and 76 uL of chloroolatinir 

cr* :t r T e r ec : of di, h uent up s: reaction rate was sma "- The ^ ° f piujt rr 

riyury o wnerem IS hexane diluent and 



is no diluent, was corrected for the amount of hexane present. 
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EXAMPLE 10 

The importance of balancing the effects of deoxygenating by refluxing and oxygenating by air 
introduction is exemplified in this example where simply varying the flow rate of the oxygen source (air) 

5 drastically altered the rate of reaction. The above procedure and apparatus was used along with 35g 
CHaHSiCb (0.3 mole), 25g cyclohexene (0.3 mole) and 76 uL of chloroplatinic acid/lPA solution. Air was 
introduced subsurface at 200 mL/min. The reaction mixture was heated to 50 4 C. Comparison was made by 
running the experiment using 35g ChhHSiCb (0.3 mole), 25g cyclohexene (0.3 mole) and 76 uL of 
chloroplatinic acid/lPA solution and air added subsurface at 9 mL/min at 53 * C. The effect of the rate of air 

w addition is shown in Figure 6 wherein — is air added at 200 mL/min and 

.1. 

is is air added at 9 mL/min. In the case of air introduced at 200 mL/min, over-oxygenation occurred as 
discussed in Example 4 above. 

EXAMPLE 11 

20 The effect on reaction rate of controlling the amount of oxygen introduced into the reaction mixture is 

further exemplified by the hydrbsilylation of cyclohexene by 1 ,1 ,1 ,2,3,3, 3-heptamethyltrisiloxane. The above 
procedure and apparatus was used along with 33. 8g 1 ,1 ,1 ,2,3,3,3-heptamethyltrisiloxane (0.15 mole), 12.5 g 
cyclohexene (0.15 mole), 20 g hexane and 38 uL of chloroplatinic acid in isopropanol alcohol solution. Air or 
2% Oxygen in nitrogen was introduced subsurface at 9 mL/min. The reaction mixture was heated to 82 \C. 

25 The area percent products plotted in Figure 7 wherein — ■ — ■ — is air and 

. I I I 

30 is 2% oxygen in nitrogen, were not corrected for the amount of hexane present since it was identical in both 
cases. In the case of 2% oxygen, conversion to approximately 30 area percent product occurred, the 
reaction mixture was no longer deoxygenating itself sufficiently via reflux and the reaction rate slowed. In 
the case of'air, the reaction rate was slow throughout due to the introduction of too much oxygen. 

35' EXAMPLE 12 

The rate of the hydrosilylation of 1-hexene with methyldimethoxysilane is increased by oxygen 
enhancement. The above procedure and apparatus were used with CH3HSi(OCH3)2 (15.93g. 0.15 mol), 1- 
hexene (12.62g. 0.15 mol) and hexane (20g, 0.23 mol). The flask was purged with nitrogen at 9 mL/min. The 

40 solution was heated to reflux at 63° C. before addition of 38 uL of 10% by weight of H 2 PtCI 6 6H 2 0 in IPA 
was injected into the boiling solution via a syringe. As soon as the chloroplatinic acid had been added, a 
sample was drawn for GC analysis which indicated that 0.5 area% of CH 3 (Hexyl)Si(OCH 3 ) 2 formed. The 
reaction mixture was periodically analyzed by GC. After 24 hours under nitrogen, GC analysis showed less 
than 5 area % of hydrosilylated product was formed. At this time, air was introduced into the solution at 9 

45 mL/min. After 16 hrs., GC analysis indicated that hydrosilylation went to completion and no CH3HSi(OCH3)2 
was left over. 

EXAMPLE 13 

so The rate of the hydrosilylation of 1-hexene with 1 ,1 ,1 ,2,3, 3, 3-heptamethyltrisiloxane is increased by 
oxygen enhancement. Hydrosilylation of 1-hexene was carried out using an equimolar ratio of 1-hexene/SiH 
in hexane at reflux. The solution was loaded into the flask and heated to reflux with nitrogen added 
subsurface before injecting the chloroplatinic acid/lPA catalyst solution. Samples were periodically drawn for 
GC analysis to follow the formation of the adduct. Several seconds after the catalyst was added, GC 

55 analysis showed the presence of only a trace amount of product. After three minutes, this amount had 
increased to 10% by area. It was found that in 14 minutes the clear solution had turned to dark brown color 
and the hydrosilylation reaction had gone to completion showing a 49.2 area% result. When the hydrosilyla- 
tion of 1-hexene with 1 ,1 ,1 ,2,3,3, 3-heptamethyltrisiloxane was performed under same conditions as above 
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25 



irjlcted into Z T *** ^ exothermical| y a * ~on as the chloroplatinic acid was 
eC 'f t ( , ° f , - 1 - 1 - 2 - 3 - 3 - 3 - he Pt«nethyltrisiloxane/1-hexene/hexane at reflux. The clear color of 
the solution turned to dark brown color and the reaction was complete (51.9% by area) within seconds 



5 EXAMPLE 14 



-hht """I 9 1 hydrosilylation of an internal o'efin such as trans-2-hexene several adducts are possible In 
add,t,on to those poss,ble by simple addition of the Si-H across the olefinic bond the predate oration 
of the c ete double bond fo.lowed by addition of Si-H across the migrated bond are possibt T^ n Z 

Tt T In StartS W ' th ^ intemal d0Ub ' e b0nd ' the Predominate product is the same as if one had 
started w,th the terminal olefin. Such is the case with the following examples which use trans 2-hexene as 
startmg matenal. The rate of the hydrosilylation of trans-2-hexene with 1 ,1 ,1 .2,3,3,3-heptamethy,trisSxane is 
increased by oxygen enhancement. It shouid be noted that the inventors herein ha J ^SS^Z 

;s h a dro^iM° S Ve K n,t88 ° f d ° Uble b ° nd migrati ° n a '° n9 the Carbon backbone ^ than the rite of 
ts hydros.lylat.on. Thus, the rat.o of terminal adduct to internal adduct is affected by the use of oxvoen 

enhancement Hydrosilylation of trans-2-hexene was carried out using an equimolar Lo of hexene/sL in 

hexane at reflux, .t was found that when the hydrosilylation was conducted with a nitrogen purge it wen^ o 

wZt° n h ' n H m" 5 WhMe Same eXP6riment With an air ^ e was com P'^e in less fan 6 hours 
When the hydros.lylation was performed in the presence of the nitrogen purge, the hydrosilylated products 

20 te t na ' 31% intema ' addUCt (mlXtUre ° f 2- and^but J^S^Z 

S2 "and' 12 TiZZT^^VTV^ S3me COnditi0nS ' h Vdrosi.ylation formed 88% terrTa 
.mtna. adducf ° "" Wh ' Ch ' S iHUStrated in Figure 8 wherein ----- is "^9en purge, 



I I 



30 



is air purge, internal adduct, 
terminal adduct. 



-is nitrogen purge, terminal adduct and --- 1— |— |— j s air purge, 



35 EXAMPLE 15 

m.JTn ^ ° f hydrosil * Iation of trans-2-hexene with triethylsilane is increased by oxygen enhance- 

Znn nr ^ 87 PPm R by WGi9ht t0 the t0tal reactants * nd introducing either 2% oxygen fn 

argon or pu re argon, rate enhancements are exemplified in Table I. Reactants were in a 1 1 molar Sfo ^d 
40 ma.nta.ned at 65 * C. throughout. The area percent product listed in Table I is a combination ^o^s. 

TABLE I 



45 



50 



Reaction of Trans-2-hexene with Triethylsilane 


Atmosphere 


Area Percent Product 




6 hrs. 


24 hrs. 


Argon 


3.1 


9.8 


2% 0 2 /Argon 


4.7 


16.0 



55 



EXAMPLE 16 

expe^el\1in^8 r 7l y m ,i St n h ° f * trieth °* ySilane is inc ' eased by oxygen enhancement. In 

expenments us.ng 87 ppm Pt by weight to the total reactants and introducing either 2% oxygen in aroon or 

z^Z':^c7: m :^ r, exempiified in the tabie beiow - Reactants — - a 

ma.ntamed at 65 C. throughout. The area percent product listed in Table II is a combination of isomers. 
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TABLE II 



Reaction of Trans-2-hexene with Triethoxysilane 


Atmosphere 


Area Percent Product 




7 hrs. 


24 hrs. 


. Argon 


Trace 


Trace 


2 % 0 2 /Argon 


29.6 


45.4 



10 

EXAMPLE 17 

The rate of hydrosilylation of trans-2-hexene by phenyldimethylsilane is increased by oxygen enhance- 
ment. In experiments using 87 ppm Pt by weight to the total reactants and introducing either 2% oxygen in 
argon or pure argon, rate enhancements are exmplified in Table III. Reactants were in a 1:1 molar ratio and 
maintained at 65° C. throughout. The area percent product listed in Table III is a combination of isomers. 

TABLE III 

20 



Reaction of Trans-2 hexene with Phenyldimethylsilane 


Atmosphere 


Area Percent Product @ 24 hrs. 


Argon 

2% CVArgon 


0.4, 
6.4 



EXAMPLE 18 

The rate of the hydrosilylation of 1 -hexene with triethylsilane is increased by oxygen enhancement. 
Hydrosilylation of 1 -hexene was carried out using an equimolar ratio of 1-hexene/SiH in hexane at reflux. 
The solution was loaded into the flask and heated to reflux before injecting the chloroplatinic acid/lPA 
catalyst solution. Samples were periodically drawn for GC analysis to follow the formation of the adduct. 
When a nitrogen purge was used, hydrosilylation took place slowly with less than 12 area percent of adduct 
formed in 24 hr. But when an air purge was used, hydrosilylation went to near completion in 26 hr. forming 
25 area% adduct. In addition, with air purge, 5 area percent of Et3SiOSiEt3 formed. No Et3SiOSiEt3 formed 
when the hydrosilylation was performed using nitrogen. 

EXAMPLE 19 

The use of high percentage oxygen containing gases such as air to oxygenate certain silanes can be 
hazardous. The hazards can be avoided by the use of low percentage oxygen containing gases such as 2% 
oxygen in nitrogen. However, as pointed out in example 2, hydrosilylation of cyclohexene by methyldich- 
lorosilane, using 2% oxygen in nitrogen at atmospheric pressure drastically reduced the rate as compared 
to using air as an oxygen source. This can be compensated for by increasing temperature and optimizing 
2% oxygen in nitrogen pressure to obtain the correct amount of oxygen in solution for maximum rate. The 
hydrosilylation rate at 53 * C. and atmospheric pressure was compared to the rate at 110°C. and 80 psig. 
The rate data is shown in Figure 9 wherein — ■ — ■— is 2% 0 2 , O psig and 53 °C. and — • — • — is 2% 0 2 , 
80 psig and 110°C, respectively. The elevated temperature experiment was carried out in a stirred Parr 
reactor with subsurface addition of 2% oxygen in nitrogen at 1 cm 3 /sec to 400 grams of 1:1 molar ratio 
mixture of cyclohexene and methyldichlorosilane containing 100 ppm chloroplatinic acid, (t is obvious from 
the data that 2% oxygen in nitrogen pressure provided the correct concentration of oxygen in solution to 
give the optimum performance of the platinum catalyst. 
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EXAMPLE 20 



500 m Tee n JctT^ '^T™ * V trichlorosilane was increased by oxygen enhancement. A 
l hree ] necke6 " ask was quipped with a thermometer, magnetic stirrer bar, a pressure equalizinq 
add-on funnel connected to a gas source, a heating mantle and 19" water cooled condenser connected to 

on T "V 9 ! S 6Xlt - T ° f ' aSk W3S 3dded 124 9 0f l^nexadiene (1.51 mo.) and 5 g of 1% pSmum 
carbon No heat was applied to the flask until after the hydrosilylation had gone to compSon a " 

comTr, " C «n na ' ySiS - additi ° n ° f 75 " 3 9 ° f (0.555 mo.) to'the 1,5-hexX e was 

IZnT hT a , 6 ° t mmute period with sti ™9- During the addition the temperature increased to 50 - C 
™ 1 h h dr ° S ' ,y at,0n was carried out ^ air. GC anaiysis immediate.y after the addition was 
completed showed that the hydrosi.ylation had gone to completion as indicated by the comp.ete absenceTf 
tnchlorosMane. Excess 1,5 hexadiene was removed followed by the product, S-heienyHrichSSlieTSnq 
a boihng po.nt of 56 • C. at 2 to 3 Torr, 1 14.7 g and 95% yield, by distillation °ros.iane having 

t n, h [ he f per ' ment c ^ as re P eated exac t'y « described above with the exception that the addition of 
tnchlorosilane to 1 ,5-hexadiene was conducted under nitrogen. During the tnchlorosilane addtT the 

S S ,nC ^ d t0 35 '° ^ the 60 minU,e additi0n P eriod ' the reaction fixture was aNowed to t,Y 
for an additional 150 m.nutes before a sample was withdrawn for GC analysis. GC analysis indicated the 

the n°t S :' y 9008 10 C ° mPleti0n SmCe 3 ° % ° f the "ch.orosi.ane remained unreal Sd Si! 

he nitrogen head space purge was switched to air. Within two minutes after the system was switched to™ 
the temperature rose to 50 •& GC analysis of the reaction mixture indicated the hydrosi.ylation had gone ^o 

taZeTbvthV T ?Vh 6 COmP ' ete 3bSenCe ° f Wchl0 - Sila -. Excess 1 ,5 hexadiene was removed 
folowed by the product, 5-hexeny.trichlorosilane which had a boiling point of 56'C. at 2-3 Torr 1147 q 
95% yield, obtained by distillation. ' 9 ' 



EXAMPLE 21 



The rate of hydorsilylation of 1-hexene by trimethoxysilane was increased by oxygen enhancement A 

manl tZToTJ^ T * C ° ndenS6r ' ma9 " etic ^ ^ andTIating 

mantle. The top of the condenser was fitted with a tee allowing the reaction mixture to be kept under the 

?n nco« I 0 ?' T , hG WaS l0aded With 12 2 9 of trimethoxysilane (0.0998 mole), 8.39 g o - 
heated o 50 C. under argon. Reaction progress was followed by GC analysis of aliquots withdrawn from 
ZrtZ Tr 80 minUt6S ' h y drosi| y |a,i0 " had gone to 30% comp.etion. After 300 minuTes the 

hydrosilylation was st.il only 30% complete. The rate was restored by p.acing the flask u^r an a.> 
atmosphere. The rate data is shown in Figure 10 wherein at point P, air was introduced^ to th rezcL 



Claims 



A method of controlling hydrosilylation in a reaction mixture by controlling the solution concentration of 
oxygen re at.ve to any platinum in said reaction mixture said hydrosilylation comprising 
(A) a silicon hydride selected from silicon hydrides 
having the general formulae: 



(t) RxSiH 4 . x . 

(ii) R y H u SiCI 4 . y . u . 

(iii) Rz(R'0) 4 - z . w SiH w and, 



(iv) R" Si-O-(Si-O) -SiR"- 
3 | v 3 

R" 

a^rl^ol 1 T,TfT V S f Cted f r 9r ° UP C ° nSiStin9 ° f SubStitUted and -substituted 
alky I groups of 1 to 30 carbon atoms and substituted and unsubstituted aryl groups of 6 to 16 
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carbon atoms; each R' is independently selected from alkyl groups of 1 to 6 carbon atoms; R" is 
independently selected from the group consisting of R and the hydrogen atom, with the proviso that 
at least one R" in each molecule is a hydrogen atom; u has a value of 1, 2 or 3 with the proviso that 
u + y^3; v has a value of zero or an integer of 1 or greater; w has a value of 1 to 3; x has the value 
of 1 to 3; y has a value of 0 to 2; and z has a value of 0 to 2 with the proviso that w + z<3, with 
(B) unsaturated compounds selected from the group consisting of 

(i) substituted or unsubstituted unsaturated organic compounds or mixtures thereof, 

(ii) substituted or unsubstituted unsaturated silicon compounds or mixtures thereof and, 

(iii) mixtures of (i) and (ii); in the presence of a catalyst selected from the group consisting of 

(a) platinum metal on a support, 

(b) platinum compounds and, 

(c) platinum complexes. 

2. A method as claimed in claim 1 wherein there is also present a solvent. 

/5 
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